Abstract. Miniature mass spectrometry analytical systems of backpack configuration fitted with sampling probes could potentially be of significant interest for in-field, realtime chemical analysis. In this study, various configurations were explored in which a long narrow tube was used to connect the turbo and backing pumps used to create and maintain vacuum. Also, for the first time we introduced two new types of pumps for miniature mass spectrometers, the Creare 130 g drag pump and Creare 350 g scroll backing pump. These pumps, along with another Creare 550 turbo pump and the commercially available Pfeiffer HiPace 10 turbo and KnF diaphragm backing pumps, were tested with the backpack configurations. The system performance, especially the scan time, was characterized when used with a discontinuous atmospheric pressure interface (DAPI) for ion introduction. The pumping performance in the pressure region above 1 mtorr is critical for DAPI operation. The 550 g turbo pump was shown to have a relatively higher pumping speed above 1 mtorr and gave a scan time of 300 ms, almost half the value obtained with the larger, heavier HiPace 10 often used with miniature mass spectrometers. The 350 g scroll pump was also found to be an improvement over the diaphragm pumps generally used as backing pumps. With a coaxial low temperature plasma ion source, direct analysis of low volatility compounds glass slides was demonstrated, including 1 ng DNP (2,4-Dinitrophenol) and 10 ng TNT (2,4,6-trinitrotoluene) with Creare 550 g turbo pump as well as 10 ng cocaine and 20 ng DNP with Creare 130 g drag pump.
Introduction
M ass spectrometry (MS) is widely used in chemical and biological analysis typically by collecting samples from the field and analyzing them in the lab. Infield, real-time analysis outside the analytical laboratory is of significant interest for environmental monitoring, [1] forensic analysis [2] at the crime scene, detection of explosives [3, 4] and chemical weapons [5] at military and civilian check points, control of pesticide residues for food safety [6] , and intra-surgical chemical analysis [7] [8] [9] for disease diagnosis. These types of applications can benefit from the miniaturization of the MS analytical systems, a topic which has been actively pursued using the combination of miniature mass spectrometers and ambient ionization sources [10] [11] [12] [13] . Different types of mass spectrometers have been miniaturized, including time-of-flight, [14] [15] [16] quadrupole, [17, 18] and ion trap systems [19] [20] [21] [22] [23] [24] . The advantages of ion trap analyzers include their small size, relatively high operating pressure and the MS/MS capability. Currently, several portable miniature MS instruments have been developed using ion trap mass analyzers, including as the Mini10, [25] Mini 11, [26] and Mini12 [27] from Purdue University, Tridion-9 GC-MS [28] from Torion Inc. (American Fork, UT), GC/QIT [29] from the Jet Propulsion Laboratory, Chemsense 600 [30] from Griffin Analytical Technology LLC. (West Lafayette, IN), and the MMS-1000 from 1st Detect Inc. (Austin, TX). To use mass spectrometers outside the analytical laboratory, it is important to have simple analytical procedures that enable complete analysis starting with the samples in their native states. Ambient ionization methods have been developed for this purpose [31] [32] [33] [34] [35] . Currently, several ambient ionization methods, including low-temperature plasma (LTP), [11, [36] [37] [38] paper spray, [27] and extraction spray, [27] have been demonstrated to provide good analytical performance with miniature ion trap mass spectrometers.
The concept of sampling probes for miniature MS systems has also been explored for ease of operation during real-time analysis in the field. Three different configurations have been investigated for designing a sampling probe with an ambient ionization source (Figure 1 ). The first approach is to use a long tube (Connection I in Figure 1a ) to remotely transfer the desorbed ions from the ambient ionization source to the vacuum manifold containing the mass analyzer. This concept was initially demonstrated with desorption electrospray ionization (DESI) [39] using a long stainless steel tube and later with tubing of larger diameter for pneumatically-assisted ion transfer. [40] . The flow dynamics in the ion transfer process was also studied. [41] . For clinical applications, a rapid evaporative ionization mass spectrometry system (REIMS) system was developed in which tissue was ionized by a surgical knife and the ions subsequently transferred to a mass spectrometer for analysis. [7] . A sampling probe using DESI and a narrow (1.6 mm i.d.), flexible plastic tube as long as 4 m was also designed for endoscopic sampling purposes. MS analysis of the remotely transferred ions produced lipid profiles of good quality for tissue sections and intact organs. [42] Transfer of dry ions generated by atmospheric pressure chemical ionization or by LTP over long distances has been shown to have relatively lower efficiency in comparison with transfer of sprayed ions [41, 43, 44] .
The second approach is to keep the sampling/ionization source close to the vacuum manifold containing the mass analyzer, while extending the connection (II in Figure 1a ) between the manifold and the high vacuum pump that is packaged together with the backing pump and the control electronics. This concept was first demonstrated using a 1.2 m long bellows (25.4 mm i.d.) with a modified Mini 10 instrument [45] which practically resulted in a much enlarged manifold volume. A longer time was required for each scan cycle but improved sensitivity was obtained compared to the use of long probes connecting the ionization source to the mass spectrometer. A backpack MS system has recently been developed using this configuration with a coaxial LTP. [13] In this as in all experiments using miniature mass spectrometer, use of the discontinuous atmospheric pressure interface (DAPI) [46] for ion introduction is essential.
The third possible configuration is to integrate the high vacuum pump into the handheld sampling unit while using a long tube (Connection III in Figure 1a ) for connection to the backing pump/control electronics package (Figure 1c ). The advantage of this configuration is that a much narrower tube (Figure 1b) can be used for this foreline connection, since the pressure inside this tube is about 2 torr and gas flow is pumped by the backing pump [45] . In comparison with the second configuration described above, faster scan speeds can be obtained while using DAPI since no additional gas volume is added on the high vacuum side. This configuration, however, would not be practically applicable unless the high vacuum pump is small enough for integration into the handheld unit, while still providing sufficient pumping. In this study, we used several new prototype miniature pumps developed by Creare Inc. (Hanover, NH) to test this third configuration. The performance of several systems with different combinations of high vacuum and rough pumps was characterized.
Experimental
The handheld unit used has a manifold (71×74×108mm) containing a rectilinear ion trap, a channel electron multiplier (DeTech2300, Detector Technology Inc., Palmer, MA) with a conversion dynode, and a DAPI interface. The control electronics of a Mini 11 [26] was used to test MS performance. The flow-constraining stainless steel capillary of the DAPI was 5 cm long and of 1. Figure 1 . Schematic configurations showing (a) general case for pumping system and a miniature ion trap instrument with a DAPI (pinch valve) and (b) specific case of a backpack MS system with the high-vacuum pump integrated into the handheld sampling unit so that connections I and II can be minimized in length while connection III can be made long used to induce a helium discharge (flow rate 0.2 L/min). 2,4-Dinitrophenol (DNP) dissolved in pure methanol solution was used with nanoESI for these test analyses. Methanol solutions of an agrochemical (diphenylamine), an illicit drug (cocaine), and the explosive (TNT, 2,4,6-trinitrotoluene) were prepared and 1 μL of each was deposited on a glass slide to form a dried sample spot for LTP analysis. A Pirani gauge (series 925C, MKS Instruments Inc., Andover, MA) was directly mounted onto the vacuum manifold to record pressure. Fans were used to air-cool the prototype pumps during operation.
A flat polished surface surrounding a hole of 30 mm diameter was made on the vacuum manifold in order to test three high vacuum pumps ( Table 1 ). The Pfeiffer HiPace 10 turbo pump (Pfeiffer Vacuum Inc., Nashua, NH) was connected to the manifold with a connection adapter (DN 25 ISO-KF) and controlled by its integrated electronics with a 24 V DC power supply. The Creare 550 g turbo pump was connected directly to the manifold and the supplied DC voltage was increased slowly until its desired rotation speed of 100 k rpm was achieved. The Creare 130 g drag pump was directly connected to the manifold and was driven by a microprocessor-controlled drive and control unit (DCU) to achieve 200 k rpm rotation speed. Two backing pumps, a 2-stage diaphragm pump KnF N84.3 (KNF Neuberger Inc., Trenton, NJ) and a Creare 130 g scroll pump were tested. The diaphragm pump was driven by a 24 V DC power and the scroll pump was controlled by the DCU to achieve 3 k rpm rotation speed.
Results and Discussion
The pumps used in this study are illustrated in Figure 2 and their specifications are listed in Table 1 . Note that the actual pumping speed of a pump changes when the inlet and foreline pressures vary from the specified values. The combination of a HiPace 10 turbo pump and a KnF N84.3 diaphragm pump used for developing the Mini 10 [47] has been a popular selection for commercial handheld instruments. The Creare 550 g turbo pump was used for construction of the 4 kg Mini 11 system [26] . Both the HiPace 10 turbo pump and the Creare 550 g turbo pump can provide an ultimate vacuum well below 10 −5 torr. However, for miniature ion trap mass spectrometers with DAPI interface, the working pressure of the manifold is 1 mtorr and this increases up to 1 torr during pulsed gas and ion introduction. [46] Thus, a medium to high vacuum pump with lower compression ratio but a high pumping speed achieved using only drag stages might be more suitable. To explore this, a Creare 130 g drag pump with only drag stages was developed. Without the turbo stages, the miniature high vacuum pump could be fabricated at lower cost and potentially might be more robust and allow operation during movement of the instrument. Both the Creare 550 g turbo and 130 g drag pumps have form factors that serve better than does the HiPace 10 turbo pump for integration into a handheld unit. A newly developed Creare 350 g scroll pump was also tested as an alternative backing pump. In comparison with the diaphragm pump, the scroll pump runs extremely quietly, does not vibrate or require maintenance such as replacement of diaphragms, which makes it very attractive for the future development of miniature MS systems.
The feasibility of implementing a long, narrow connection between the high vacuum and backing pumps for miniature instrument was first tested with a Mini 10 fitted with the HiPace 10 turbo pump and KnF N84.3 diaphragm pump. Comparison was made between the original configuration using a 10 cm tube of 4.8 mm i.d. (Figure 3a ) and the new configuration with a 6 m long tube of the same i.d. (Figure 3b ). By using a DAPI opening time of 13 ms to analyze the ions generated by nanoESI of 5 ppb DNP in methanol, the manifold pressure was raised to 300 mtorr and then pumped down during the closed DAPI cycle. The total time of each scan cycle was set as 600 ms. For the original configuration with the 10 cm connecting tube, this was sufficiently long to allow the manifold pressure to return to 1 mTorr after the first scan cycle. However, the base pressure increased as the scan cycle was Figure 2 . Backing (rough) and high-vacuum pumps used in this study repeated and the signal intensity for protonated DNP decreased significantly (Figure 3e) , which is likely due to the loss of ions during trapping and less efficient ion ejection during the RF scan at the elevated pressures. [48] This indicates that the delay time between each two adjacent opening events of the DAPI was not long enough to allow the gas introduced to be fully pumped out. Using the same scan time, the base pressure of the manifold and the signal intensity were both better maintained during continuous cycling using the configuration with a 6 m connection between the high vacuum and rough pumps (Figure 3d and f) .
The differences that were observed over time (Figure 3d ) are related to changed foreline pressure in the connection tube, which has an impact on the pumping speed of the turbo as well as the backing pump. With a significantly longer turbo-tobacking connecting tube, the foreline volume was much enlarged and the increase of the foreline pressure due to the introduction of the same amount of gas during a DAPI opening event was thereby much decreased. For validation of this hypothesis, the same test was done with another configuration, in which a 58 cm long bellow of a larger i.d. of 38 mm was added in series with the original 10 cm long, 4.8 mm i.d. tubing. With this volume of 635 cm 3 added into the foreline connection, the base pressure of manifold could be maintained at 1 mtorr with continuous operation at a scan cycle of 600 ms.
Each of the three high vacuum pumps, HiPace10 turbo pump, Creare 550 g turbo pump and Creare 130 g drag pump, was then tested with the Creare 350 g scroll pump using a 1.3 m long tube of 3.2 mm i.d. for the foreline connection. A DAPI opening time of 13 ms was used and the delay time after the DAPI closing was adjusted to find the shortest scan cycle time that allowed a stable base manifold pressure to be maintained for a large number of continuous scans. The results of this characterization are shown in Figure 4 . The pressure went up to about 200 mtorr for both the HiPace 10 tubo pump and Creare 550 g turbo pump (Figure 4a and b) . However, the manifold pressure was returned to 1 mtorr faster with the Creare 550 g turbo pump and a scan time of 300 ms could be used instead of the 550 ms for the HiPace 10 turbo pump. Although the HiPace 10 turbo pump has a better specified pumping speed for molecular flow at the ultimate pressure, the Creare 550 turbo pump is the more efficient pump in the higher pressure range above 1 mtorr. For the smaller Creare 130 drag pump, the manifold pressure rose to about 300 mtorr upon DAPI opening. This could be due to a smaller total volume of the high vacuum region, which affects the pressure buffer as previously discussed [45] . Note that both the manifold size and the pump size contribute to the volume of the high vacuum region. Consistent with this it took a longer time (2 s) for the pressure to decrease to 10 mtorr. The Creare 130 g drag pump can maintain a vacuum at 10 −4 torr with its inlet sealed directly to the vacuum manifold. When working with the manifold and DAPI of the handheld sampling unit, 10 mtorr was the lowest base pressure it could continuously sustain.
The backpack MS configuration with the extension between the high vacuum and backing pumps was tested with each of the two Creare high vacuum pumps backed by the Creare 350 g scroll pump. The test involved the direct analysis of low volatility compounds from the glass slides. The coaxial LTP previously developed with the backpack MS was used as the ambient ionization source. Figure 5 shows mass spectra recorded for 1 ng DPA in positive mode and 10 ng TNT in negative mode using the Creare 550 g turbo pump (Figure 5a and b) , and 10 ng cocaine in positive mode and 20 ng DNP in negative mode using the Creare 130 g drag pump (Figure 5c and d) . Although MS analysis was performed at 10 mtorr with Creare 130 g drag pump, good sensitivity and resolution was still obtained. For the case of DNP, a signal-to-noise ratio of about 30 was obtained for detection of 10 ng DNP (Figure 5d ) and the limit of detection (LOD) is estimated to be 2 ng. The resolution was 0.7 (FWHM, full width at half maximum) when MS analysis was performed at 1mtorr using the HiPace 10 turbo pump or with the Creare 550 g turbo pump. The peak widths dropped to 1.8 (FWHM) when operating at 10 mtorr using the Creare 130 g drag pump. MS/MS was performed for structural confirmation (insets in Figure 5c and d) and the slight loss 
Conclusions
In this study, we introduced new types of small pumps for development of miniature mass spectrometers and explored a new configuration for designing a backpack MS instrument fitted with a sampling probe and a discontinuous interface for ambient ionization sources. The Creare scroll pump operates quietly, provides adequate pumping, and thereby will likely become an attractive alternative to the 2-stage diaphragm pump currently used in most of the miniature MS systems. The combination of the Creare 550 g turbo and Creare 350 g scroll pumps would provide a best performance for miniature DAPI-MS systems. The use of a long, narrow tube to extend the connection between the high-vacuum and back pump was demonstrated to be a feasible solution for designing a sampling probe using DAPI for ion introduction. Implementation with the Creare 130 g drag pump of small form factor and improved robustness would certainly make this design much more practically applicable. Although the operation pressure and MS resolution for the drag pump are compromised in comparison with the larger Creare 550 g and Pfeiffer HiPace 10 turbo pumps, comparable sensitivity has been achieved and MS/ MS could be implemented to provide additional confirmation to the chemical identity.
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